Model studies of the bearing capacity of pile groups in a saturated clay by Martin, Carl Bernard
In presenting th i s dissertation as a partial fulfillment of the 
requirements for an advanced degree from the Georgia Institute of 
Technology, I agree that the library of the inst i tut ion shall make i t 
available for inspection and circulation in accordance with i t s 
regulations governing materials of th is type. 
I agree that permission to copy from or to publish from, th i s 
d i s se r t a t ion may be granted by the professor under whose d i rec t ion i t 
was written, or, in his absence, ty the Dean of the Graduate Division 
when such copying or publication i s solely for scholarly purposes and 
does not involve financial gain, 
It i s understood that copying from, or publication of, this 
dissertation which involves potential financial gain wi l l not be allowed 
without written permission. 
A sri 
Carl Bernard Martin 
MODEL STUDIES OF THE 
BERING CAPACITY OF PILE GROUPS 
IN A SATURATED CLAY 
A THESIS 
Presented t o 
t h e F a c u l t y of t h e Graduate D i v i s i o n 
fcsy 
Car l Bernard Martin 
In P a r t i a l F u l f i l l m e n t 
of t h e Requirements f o r t h e Degree 
Master of Science i n C i v i l Engineer ing 
Georgia I n s t i t u t e of Technology 
June 1957 
MCDEL STUDIES OF THE 
BEARING CAPACITY OF PILE GROUPS 
IN A SATURATED CLAY 
Approved : 
cA-
/ * * 
s 
s George F, Sowers- ' 
Austin B. Caseman 
• T i f f 
^James B. Sisson 
l i 
ACKNOWLEDGMENTS 
The wri ter wishes to express his appreciation to Professor 
George F . Sowers for h is continued guidance through t h i s en t i re 
p ro jec t . 
To Professors Austin B. Caseman and James E- Sisson thanks 
are extended for many helpful comments on the t e x t . 
Especial grat i tude i s due the au thor ' s wife, Betty5 for her 
unfai l ing pat ience and encouragement throughout t h i s p ro jec t . 
I l l 
TABLE OF CONTEiWS 
Page 
ACKNCWIEDGMBMTS „ . 0 „ . . . „ . . , * . . „ „ . i i 
LIST CF TABLES « « « « « * . « « . « « « • . « • • • « < * « i v 
LIST OF ILLUSTRATION „ . . . . „ . . . , . „ . . v 
A B S i K A C I o « o 0 6 0 o o o o o o » o o » o n o o V l 
CHAPTER 
I . INTRODUCTION 
I I , THECRX 
I I I . APPARAXUS 
J .V * J r f t C U i S J J U l t i S o o o o o a o o o o o o o o o o J.JL 
V o R E S U L T S o a o o o e o o o o o o e o o o o 1 3 
V I . CONCLUSIONS * o o . . o . o o o o o • • . 22 
V I I . RECCMMENDATIOflE , . . * . . . . . . . , . 2k 
/U r r^X I l IH lJ _LA o o o o o o o o o » o o o o o o o o o o £ j ? 
I J JLD J j J - L A j i t - n j . l l X 0 * 0 0 0 0 0 0 * 0 0 0 0 0 0 0 0 0 ,? *• 
0 O O 
0 4 4 0 4 c © 
4 6 0 6 0 0 0 0 0 4 0 0 0 0 0 0 
LIST OF TABLES 
Table Pag 
1, Summary of Test Results and Computed Data 26 
la* Summary of Test Results and Computed Data 30 
2ao Comparison of Bearing Capacities Computed 
by the Meyerhof Analysis with the Measured 
Bearing Capacities 33 
2b. Shear Strength Variations with Depth 33 
3a- Shear Strength Variat ions with Time 33 
3b„ Dimensions of the P i l e Groups 3U 
lw Typical Data Sheet 35 
V 




















The Average Ratio of the Measured Load per 
P i l e to the Calculated Load per P i l e Compared 
to the P i l e Length . . . . . 
Theoretical Efficiencies vs P i l e Spacing 
Cr i t i ca l Spacing vs dumber of P i l e s . , 
Unit Action Fai lure . . 
Vane Shear Device . * » • • « • • « • « 
S i n g l e P i l e E f f i c i e n c y v s Spacing . . . 
Theoretical Efficiencies vs P i l e Length 
Single P i l e Efficiency vs P i l e Length . 
Theoretical Eff iciencies vs flo. of P i l e s 
Single P i l e Efficiency vs Wo. of P i l e s 
De ta i l s of a Typical P i l e Group . . . 
Vane Shear Apparatus . . . . . . . . . 
Setup for Loading P i l e s 
Graphical Results of Vane Shear Tests . 
Isolated P i l e Efficiency vs Length . . 
Isolated P i l e Settlements . 
P i l e Group Settlements . . ' . . . . . . 
vi 
MCDEL STUDIES OF THE 
BEARING CAPACITY OF PILE GROUPS 
IN A SATURATED CLAY 
Carl Bernard Martin 
$3 Pages 
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These studies were undertaken to obtain an insight into the 
action of pile groups in transferring loads into a saturated cXay soil 
and to determine the effects of several factors on the bearing capacity 
of these groups. 
These tests were performed on each of four groups of piles at 
four different spacings and through a range of three lengths. The 
bearing capacities of the pile groups were compared to the bearing 
capacity of a single isolated pile (tested at the same time and at the 
same length as the pile groups) and to the theoretical bearing 
capacities, 
It was found that pile groups transfer loads into the soil by 
one of three actions: a unit or box type action, an individual action^ 
or a combination of the two actions. 
The ratio of the measured bearing capacity per pile to the 
computed bearing capacity (using the results of vane shear tests) was 
found to decrease with an increase in length and to increase with an 
increase in the number of piles. This ratio decreases with an increase 
in spacing in the unit action zone and increases with an increase in 
spacing in the individual action zone0 The ratio reaches a minimum 
v i i 
in the intermediate zone. 
The r e su l t s show that the theor ies avai lable a t the present 
time are not capable of accurately predict ing the action of a group of 
p i l e s . In general the theore t ica l bearing capaci t ies were found to be 
very unsafe-
I t was shown that the length of a p i l e or group of p i l e s i s not 
as s ignif icant as the length-width r a t i o . Therefore, i t i s erroneous 
to assume that the t e s t i ng of a single p i l e (the same length as a group 
of p i l e s ) eliminates any effect due to length when using the bearing 
capacity of the single p i l e t o determine the bearing capacity of a 
group of p i l e s . 
Before a quant i ta t ive analysis can be developed for predict ing 
the bearing capacity of p i l e groups i t wi l l be necessary to understand 
the d i s t r ibu t ion of loads among the p i l e s and the s t ress conditions 
in the so i l 0 Any further research on t h i s subject should be directed 
toward these ends. 




When surface soils are not capable of supporting the loads 
imposed on them, it is sometimes desirable to use pile foundations. 
Essentially piles are long shafts, forced into the ground, which 
transfer the loads to stronger underlying soil or distribute the loads 
throughout a weak soil* 
The increased usage of heavy structures, in recent years, has led 
to an augmented demand for pile foundations,, At the same time the 
increased cost of labor and materials has made economy an important 
factor in the design of pile foundations. Efforts to obtain economical 
designs have necessarily led to a number of attempts to understand the 
action of piles in transfeiring the loads into the soil. 
At the present time there are a number of theories available. 
Due to the prohibitive cost of full scale tests the majority of the 
existing formulas are based on empirical relationships supported by 
very limited data or speculative theory based on a large number of 
simplifying assumptions. 
The bearing capacity of piles may range from twenty or thirty 
tons to several hundred tons. Because of the cost involved in 
supplying loads of this magnitude, the majority of full scale tests have 
been performed on single piles. As a result the action of single piles 
is understood much better than the action of groups of piles. 
The usual method for estimating the bearing capacity ot single 
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piles is based on relationships involving the resistance of the pile to 
driving,, On some large construction projects this bearing capacity is 
verified by performing full scale load tests on one or more of the piles. 
It is generally believed that the bearing capacity per pile for a 
group of closely spaced piles is less than that of a single isolated 
pileD The ratio of the single pile bearing capacity to the bearing 
capacity per pile of the group,, expressed as a percentage, is called the 
efficiency factor., There are a number of formulas available for 
determining this efficiency factor. However, most of them appear to be 
based on the intuition of the author and are supported only by a limited 
amount of data,, In general, these formulas are ultra-conservative and 
do not meet the needs of an economical design* 
A common method of determining the bearing capacity of a group 
of piles is to apply an efficiency factor to the bearing capacity of a 
single pile as determined by full scale field tests. This is then 
multiplied by the number of piles in the group0 
The factors which have been considered to influence the action of 
a group of piles are: (a) the number of piles in the group, (b) the 
spacing of the piles, (c) the length of the piles, (d) the arrangement 
of the piles or the shape of the pile group, (e) the character of the 
soil in which the piles are placed, and (f) the rigidity of the pile 
cap0 The last factor would probably be considered a structural problem. 
The purpose of this research is to study the factors influencing 
the bearing capacity of pile groups in clay. Spacing, length and the 
number of piles were selected as the variable factors to be studied. 
3 
All tests were performed in an artifically prepared saturated 
clay (cohesive) soil. A clay soil is one in which the adsorbed layers 
of water are thick compared to the size of the individual soil grains. 




Piles transfer their loads into the soil by two separate actions * 
The loads are transferred into the soil by end bearing (direct 
compression of the soil beneath the pile point) and by shear or skin 
friction along the sides of the piles„ While sorae piles transfer their 
loads into the soil by only one of the above actions, the majority of 
piles employ a combination of the two actions. 
The portion of the load transferred into a cohesive soil through 
end bearing of a single footing (1) may be expressed by 
Pb - (q» + Uc)A (Eq. 1) 
where P, - the load transferred in bearing 
q' - the surcharge 
c m the cohesion or the shear strength 
A * the bearing area 
Under ordinary conditions 
q* « GL (Eq. 2) 
where G « the unit weight of the soil 
L - the length of the pile or the depth to the point 
Therefore, by substituting Equation 2 in Equation 1 the end bearing is 
Pb = (GL + Uc)A (Eq. 3) 
The portion of the load transferred into a cohesive soil by 
$ 
shear or skin friction is (2) 
Po = cS (Eq. k) 
s 
where P - the load transferred in shear s 
S = the surface area 
The load transferred into a cohesive soil through a combination 
of end bearing and shear is 
P - Pb
 + PS (Eq. 5) 
which, by substituting Equation 3 and Equation k becomes 
P - (GL + Uc)A + cS (Eq. 6) 
From Equation 6 the bearing capacity of a group of piles acting 
individually would be 
P - U [ (GL + Uc)A + cS ] (Eq. 6a) 
where N • the number of piles in the group 
It has been observed that when piles are closely spaced they act 
as a unit rather than as a number of individual piles. This action is 
similar to the action of a single large pier having the same dimensions 
as the periphery of the group of piles. The bearing capacity of a group 
of piles, when acting in this manner, can be found from Equation 6. 
P - (GL + Uc)A + cS (Eq. 7) 
the end area of the group 
the surface area of the periphery of the group 




In Equation 7 the surcharge terra is GLA . This entire mass of 
soil has not been removed so that if this term is considered as a 
surcharge the weight of the material remaining between the piles must 
be considered as part of the load. Equation 7 would then appear ata 
P = P + p + QL(A - A) = GLA • UcA • cS (Eq. 8) 
L w v g *V g g g H J 
where P-. = the load applied to the piles at failure 
P = the weight of the pile group 
w 
A = the sum of the point areas of the piles 
The weight of the piles would be 
P„ = Gp U p (Eq. 9) 
where G = the unit weight of the piles 
If it is assumed that the unit weight of the piles is approximately 
equal to the unit weight of the soil, Equation 8 becomes 
P = I4CA + cS (Eq, 10) 
It is reasonable to assume that, at some spacing wide enough, 
each pile in a group will act independently of the other piles. At very 
close spacings the piles will act as a unit. There must then Tae a point 
of transition from one type of action to the othgr. It has been 
suggested that this transition occurs, with long friction piles, when 
the perimeter of the group is equal to the sum of the perimeters of the 
piles in the group (3). 
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Recent tests by G- G. Meyerhof (k) of various types of foundations 
indicate that the end bearing of foundations in a cohesive soil is 
independent of the depth at depths exceeding two times the width. This 
bearing capacity was found to be 
Pb - 9cA (Eq. 11) 
The same tests found the shear along the sides to be constant with depth. 
The bearing capacity based on these results is 
P « 9cA + cS (Eq. 12) 
I t i s noted that these r e su l t s a re based on a maximum length-width 
r a t i o of l lu 
A common method for determining the bearing capacity of a group 
of p i l e s i s to apply an empirical efficiency factor to the load 
supported by a s ingle isolated p i l e times the number of p i l e s in the 
group. The single p i l e bearing capacity i s usually determined from fu l l 
scale f i e ld t e s t s . There are a number of formulas avai lable for 
determining the single p i l e efficiency of a group of p i l e s . 
The Converse-Labarre method {$) for determining the single p i l e 
efficiency of a group of p i l e s i s 
Efficiency * 1 - 0 (n - l)m + (m - l ) n (Eq. 13) 
°Omn 
where m * the number of rows 
n • the number of p i l e s per row 
0 - t an" l d/s (in degrees) 
s * the center to center spacing 
d » the p i l e diameter 
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The Seiler-Keeney method (6) for determining the s ingle p i l e 
efficiency of a group of p i l e s i s 
Efficiency = [ 1 - l i s (m + n - 2) ] + 0.3 (Eq. Ik) 
2 
7(s - 1 ) (m + n - 1 ) m • a 
The Feld method (7) has been suggested for obtaining a rough 
estimate of the single pile efficiency of a group of piles. It 
consists of reducing the efficiency of each pile one-sixteenth due to 
the effect of each adjacent pile, both in line and diagonally adjacent. 
For example a square, fiye-pile group will have four piles acting at 
13/l6ths of the capacity and one pile acting at 12/16ths of the capacity. 
This gives a single pile efficiency for the group of 80 percent. 
It is noticed that none of the above formulas consider the 
effect of length. The methods assume that when testing the single pile 
at the same length as the group of piles any effect due the length has 
been eliminated. 
At the present time the majority of the building codes consider 
the design of piles only by specifying a minimum spacing. The minimum 
spacing is usually expressed in pile diameters but some codes specify 
the minimum spacing in feet. Typical minimum values are two to three 
diameters or about two and a half feet. These codes do not specify any 
reduction due to a consideration of group action. 
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CHAPTER I I I 
AP?ARATUS 
Model p i l e s were made from one-half inch diameter aluminium 
rods cut into 214,-inch lengths (Fig. 10) . The rods were threaded at one 
end to provide for easy insertion into three-quarter inch thick, 
threaded plywood p i l e caps. At the small spacings i t became dif f icult 
to thread the p i l e caps accurately; therefore, cast p i l e caps were used. 
The p i l e caps were cast of Brimsto, a sulphur-base, thiokol-plasticized 
compound used for capping concrete tes t cylinders. 
Commercial bentonite was selected to be used as a saturated 
clay. Bentonite i s a highly col loidal , sensit ive plast ic clay which, 
when mixed with water, forms a thixotropic gel and swells to several 
times i t s original s ize . The gel of bentonite and water i s higjhly 
sensitive but posesses the ab i l i ty to re-gel after being remolded. This 
property i s very desirable as i t enables the same mass of clay to be used 
throughout a lengthy test ing program. 
Several small samples of bentonite were prepared at different 
water contents and a water content of 300 percent was selected to be 
used throughout the t e s t s . 
The bentonite and the proper amount of water were placed in 
large mixing pan. The mixture was allowed to stay in these large 
pans for about one week. During th is time the bentonite was vigorously 
mixed once each day. At the end of a week the mixture was squeezed 
and kneaded, by hand r through a number four sieve and placed in three 
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55-gallon drums (approximately two feet in diameter and three feet high). 
The drums had been previously cleaned and painted with aluminum paint to 
prevent rusting. They were then tightly covered with sheets of poly-
ethylene to prevent moisture loss. The drums remained covered at all 
times except during the testing. 
A miniature vane was constructed to determine the shear strength 
of the bentonite throughout the tests (Fig. k and 11). The blades of 
the vane were sharpened and polished to minimize the disturbance that 
occurs during the insertion of the vane into the soil. Bearings were 
appropriately placed on the shaft of the vane to minimize any 
mechanical friction that might exist. During the later stages of testing, 
an extension was made for the vane to allow shear tests to be made at 
various depths. 
Lead weights, of various sizes, were used to load the piles and 
a standard .type micrometer dial gage was employed in making settlement 




Preliminary t e s t s were performed on singLe p i l e s to determine 
the time required for the bentonite to re~gel af ter havirig beeft 
disturbed or remolded. I t was found tha t about three days were required 
for the bentonite to re=gel a f t e r being disturbed by loading a p i l e to 
f a i l u r e . The time required for the bentonite to re=gel a f te r being 
completely remolded was found to be about five days,, On the bas is of 
these t e s t s i t was decided to proceed with the t e s t i ng on a weekly 
cycle o 
P i l e groups were tes ted containing two5 four, nine, and 
sixteen p i l e s a ¥ i t h the exception of the two-pile group a l l p i l e 
groups were squarec The two-and the four-pi le groups were considered 
small enough to be placed in the same drum0 The nine-and the sixteen . 
p i l e groups were each placed in separate containers,. The p i l e groups 
were t es ted a t lengths of 12, 2k and 36 p i l e diameters. The spacings 
used were 1.50, lo75<> 2„005and 3,00 diameters. One exception to these 
spacings was tha t the s ix teen-p i le group was tes ted a t a spacing of 
2 c50 diameters instead of 1075 diameters (Table 3a ) . 
The general t e s t procedure consisted of se t t ing a spacing and 
pressing the pile into the clay to a length of 12 diameters. The p i l e s 
were allowed to stand a week before t e s t i n g . After the p i l e s 
were tes ted they were pressed into the clay to a depth of 2k diameters. 
At the end of another week the p i l e s were tes ted again. They were 
then pressed into the clay to a depth of 36 diameters and af ter a week 
tes ted the th i rd t ime. The p i l e s were then removed from the drums. 
At t h i s time the bentonite was remixed to remove the holes l e f t by the 
p i l e s . A different spacing was selected and the weekly t e s t i n g cycle 
repeated, 
The p i l e s were loaded by simply stacking lead weights on the 
p i l e capso Special care was taken to avoid any impact. The load 
increments were decreased as the p i l e s approached the f a i lu re load to 
obtain a more exact point of f a i l u r e . Settlement measurements were 
made by placing a micrometer d ia l gage d i rec t ly on the p i l e caps and 
observing the settlement under each load increment. 
Bach week, at the time the t e s t s were performed on the p i l e 
groups, a single isolated p i l e was tes ted in each drum. The single 
p i l e s were tes ted at the same lengths as the p i l e groups. ALso a vane 
shear t e s t was performed in each container a t the same time the other 
t e s t s were performed. 
The t e s t s were performed on each of four groups of p i l e s a t four 
different spacings and through a range of three l eng ths . A typica l 




The shear strength of the bentonite, as determined by the vane 
shear t e s t , i s shown with respect to time (Fig, 13) . I t i s noticed 
tha t the shear strength did not vary an appreciable amount throughout 
the ent i re t e s t i n g program. The curves are broken every three weeks 
because the bentonite was remixed at these t imes. I t i s noticed that 
any pronounced changes occurred a t these times can be due to 
to the remolding of the bentoni te . Other minor var ia t ions in the 
curves are probably due to non-uniformity within the mass of clay. 
In the case of the single p i l e s the f a i l u re load was calculated 
from Equation 6 and Equation 12 by using the shear strength determined 
from the vane shear t e s t s . The r a t i o s of the measured f a i lu re load to 
the calculated f a i l u re loads, expressed as percentages, a re averaged 
and compared to the length (Fig. 1 ) . Trends shown could indicate tha t 
the end bearing port ion of the load i s not constant with depth or that 
the shear along the sides i s not constant with depth. The curves of 
Fig. 15 show the settlement at f a i l u r e of the single p i l e s . There i s 
a general tendency for the settlement at f a i l u r e to increase with an 
increase in length. The curves of Fig . 1 and Fig. \$ when considered 
together indicate that the port ion of the load t ransferred in shear i s 
not constant with depth* This does not indicate tha t the shear 
strength i s not constant but i s interpreted as indicat ing a progressive 
type shear fa i lure due to unequal s t r a i n s . 
Ik 
The two curves on Fig . 1 are p rac t i ca l ly iden t ica l for the two 
methods of ana lys i s . This i s due to the r e l a t i v e unimportance of end 
bearing, in saturated clay, of p i l e s with a high length-width r a t i o . 
An extrapolation of the curves to a zero length shows that the measured 
bearing capacity would be between 1.1 and 1.2 times the bearing capacity 
of surface footings, indicated from the r e su l t s of the vane shear t e s t . 
These values compare very favorably with the r e s u l t s of previous s tudies , 
by the author, of various spread footings (8), The curves indicate that 
the r a t i o of the measured fa i lu re load to the calculated, based on data 
from the the vane shear t e s t s , decreases with a increasing length and 
approaches a constant value of 60 - 6£ percent a t lengths between 
h$ and f>0 diameters. 
The theore t ica l f a i l u r e load of each of the p i l e groups was 
calculated ty assuming an individual action of the p i l e s (Equation 6a) 
and by assuming a unit or box type act ion (Equation 7 ) . The r a t i o s 
of the measured f a i l u r e load per p i l e to the calculated f a i l u r e load 
per p i l e are expressed as percentages. These percentages wil l hereafter 
be referred to as the theore t ica l individual act ion efficiency and the 
theore t ica l unit act ion efficiency. In addit ion to the above r a t i o s 
the r a t i o of the measured f a i lu re load per p i l e to the f a i lu re load of a 
single i so la ted p i l e (the same length and in the same container) i s used 
as a bas i s of comparison. This r a t i o wil l be expressed a s .a percentage 
and referred to as the single p i l e efficiency. 
Ttfhile the r e s u l t s ai*e a l l expressed as ef f ic iencies , i t should be 
pointed out that the use of the term "efficiency" does not indica te 
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that the bearing capaci t ies are not as they should be. This indicates 
that the formulas and theories in use have not been suff ic ient ly 
developed to include the effects of a l l the fac tors that influence the 
bearing capacity of p i l e groups. The single p i l e efficiency i s 
probably the only legi t imate efficiency term used. 
The theore t ica l unit act ion and individual ac t ion eff ic iencies 
are compared to the spacing for each of the p i l e groups a t each length 
(Fig. 2)„ I t i s observed tha t for a l l except the two-pile group the 
unit act ion curve crosses the individual action curve. This point of 
in tersec t ion should indicate the spacing a t which the dominating act ion 
changes from a unit action to an individual act ion. I t follows then 
that the uppermust curves are the best approximations avai lable a t the 
present for determining the bearing capacity of groups of p i l e s . The 
points on the curves that could be drawn following the uppermost' 
curves wi l l be referred to as theore t i ca l efficiencies-. I t i s noticed 
then , tha t the c r i t i c a l spacing occurs a t the point of minimum 
theore t ica l efficiency. The two-pile group and the s ix teen-pi le 
group did not show such marked tendencies, but i t i s noted that the 
two-pile group was not tes ted a t small enough spacings to indica te a 
c r i t i c a l spacing, and the s ix teen-pi le group indicated c r i t i c a l 
spacings so near the end of the curve tha t the individual action 
port ion i s not included. The deviation from the general t rend, by the 
s ix teen-pi le group, in the region of the c r i t i c a l spacing, could be 
due to the fact tha t t e s t s were not performed at suff ic ient ly l a rge 
spacings to include t h i s trend0 This deviation could also be due to 
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factors not included in t h i s study such as the r i g i d i t y of the p i l e 
cap or s t r e s s interferences with the sides of the container used in 
the t e s t s . 
I t can be seen tha t the c r i t i c a l spacing indicated by the 
efficiency-spacing curves increases with an increase in length (Fig. 3 ) . 
I t i s noted tha t the c r i t i c a l spacing determined from the efficiency-
spacing curves i s greater than the theore t ica l c r i t i c a l spacing for 
small p i l e groups and l e s s than the theore t ica l spacing for the large 
p i l e groups. I t i s in t e res t ing to note tha t the curves for the c r i t i c a l 
spacing, when extended, a l l in te rsec t a t a spacing of one diameter, 
which i s the smallest spacing a t which p i l e s could be placed. 
At the smaller spacings the uni t act ion fa i lu re was v i s i b l e 
(Fig. h) - The mass of soi l included within the perimeter of the p i l e 
group sheared along the sides and moved down with the p i l e s . The 
spacing a t which t h i s unit act ion was v i s i b l e i s compared to the other 
c r i t i c a l spacing curves (Fig. 3 ) , and i t i s seen that the observed 
c r i t i c a l spacings were lower than those indicated by any other method. 
This indicates tha t at the observed c r i t i c a l spacing the action of 
the p i l e group was en t i re ly the unit ac t ion . 
Since the t e s t s have ver i f ied the existence of a unit ac t ion and 
i t i s reasonable to assume, thats a t some spacing large enough, there i s 
a purely individual act ion, the var ia t ions of the c r i t i c a l spacings 
indicated by the different methods suggests the presence of a zone 
in which there i s a combination of the two types of ac t ions . The 
theore t ica l efficiency curves (Fig* 2) show the lowest values in the 
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region of the c r i t i c a l spacing; therefore, in t h i s t r a n s i t i o n zone the 
two act ions must in te r fe re with each other, r e su l t ing in a lowered 
bearing capacity. I t i s unfortunate tha t t h i s interference and the 
resul t ing lowered bearing capacity occur in the range of spacings that 
are commonly used i n ' engineering p rac t i ce . 
The single p i l e efficiency i s compared to the spacing (Fig. £ ) . 
I t i s noted tha t these efficiency curves show a very noticeable dip at 
the smaller spacings followed by a sharp r i s e and a gradual decrease with 
increasing spacings. This dip and the accompanying r i s e i s more 
pronounced at the 21* diameter length . The curves for the s ix teen-pi le 
group did not show t h i s dip, but since t e s t s were not performed a t the 
1.75 diameter spacing, i t i s possible the dip would have occurred, 
The dip can be best explained by considering the effect of the length-
width r a t i o (Fig. 1 ) . I t has been shown tha t at the samll spacings, 
where the dip occurs, the p i l e groups are acting as a u n i t . With t h i s 
type of act ion the group must be considered as a s ingle la rge p i l e for 
determining the length-width r a t i o . Considering the group as a single 
p i l e would r e su l t in a low length-width r a t i o compared to the lengths 
width r a t i o of a singLe p i l e . The effect of the length-width r a t i o can 
be seen in Fig . 1 . The difference in the length—width r a t i o s wi l l^ 
therefore, be ref lected in the singLe p i l e efficiency curves and would 
indicate a low efficiency. As the spacing increases, the ac t ion of the 
p i l e s enters the zone where there i s a combination type ac t ion . This 
means that the effect of the individual act ion i s becoming gradually 
more dominant. The introduction of the individual act ion effect ,has the 
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same effect on the p i l e group as increasing the length-width r a t i o . An 
increase in the length-width r a t i o of the group would resu l t in a 
decrease in the difference in the length-width r a t i o s between the group 
and the single p i l e v From Fig. 1 i t i s seen that a decrease in the 
difference of the length-width r a t i o s would be ref lected as an increase 
in the single p i l e efficiency curves. The gradual decrease in the 
single p i l e efficiency at the la rger spacings i s probably due to the 
interference and overlapping of the s t r e s s pa t terns around each 
individual p i l e . 
In general the single p i l e efficiency curves, when considered 
with respect to the curves of F ig . 1 , indicate that the length-width 
r a t io should be considered in an analysis ra ther than the length alone. 
This also indicates an error in the assumption that a fu l l scale load 
t e s t on a single p i l e (the same length as a group of p i l e s ) wil l 
eliminate any effect due to length when using the bearing capacity of 
the singLe p i l e in the design of a group of p i l e s . 
The theore t ica l unit act ion and individual act ion eff ic iencies 
are compared to the p i l e length for each p i l e group and each spacing 
(Fig. 6 ) . I t i s shown that these eff ic iencies generally decrease with 
an increase in length. This appears to be due t o a progressive type of 
shear fa i lure along the sides* I t i s observed that the curves for any 
one p i l e group wi l l get progressively closer with an increase in 
spacing and f ina l ly cross over, a f ter which they move far ther apa r t . 
This crossover point i s the c r i t i c a l spacing point observed on the 
efficiency-spacing curves. I t i s noticed tha t the efficiency at the 
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1.75 diameter spacing increases with an. increasing length . This i s due 
to the same act ion that caused the dip in the efficiency-spacing curves. 
The single p i l e efficiency curves whan compared to the length 
show a s l ight increase in efficiency with an increase in length (Fig. 7 ) . 
This indicates an error in the assumption that t e s t i n g a single isola ted 
p i l e a t the same length as a group of p i l e s wi l l eliminate the length 
effect . These curves also indicate that the efficiency i s dependent on 
the r a t i o of the length to width instead of the length alone. 
The theore t ica l unit act ion and individual ac t ion eff iciencies 
are compared to the number of p i l e s for each length and each spacing 
(Fig. 8)0 I t can be seen tha t there i s an increase in the efficiency 
with an increase in the number of p i l e s . The point of in te rsec t ion 
of these curves should indicate the number of p i l e s a t a pa r t i cu la r 
spacing and length that are required to cause a change in the type of 
act ion the p i l e s employ to t ransfer t h e i r loads . The curves become 
increasingly f l a t t e r as the spacing increases un t i l at the la rger 
spacings the effect of the number of p i l e s i s very s l i g h t . 
The s ingle"pi le efficiency curves (Fig. 9) when compared to the 
number of p i l e s indicate a decrease in efficiency with an increase in 
the number of p i l e s . 
An attempt was made to analyze the p i l e groups on the basis of 
the Meyerhof method (Equation 12) . I t i s obvious by inspection tha t 
t h i s method wil l give lower eff ic iencies for an individual act ion 
analysis than the conventional method. The Meyerhof ana lys is , however, 
gave very good r e s u l t s at spacings at or below the observed c r i t i c a l 
20 
spacing (Table 2a). To obtain these results it was necessary to 
compute the surface area and the point area based on the assumption 
that the perimeter of the groups lay on the lines connecting the 
centers of the outside piles. This assumption is incorrect "since it was 
observed that the surface of shear was on the outer perimeter of the 
pile group when a unit action failure occurad. 
The single pile efficiency of the pile groups was computed from 
the formulas of Equation 13 and Equation llj. and compared to the measured 
single pile efficiencies. The Sieler-Keeney formula yielded negative 
efficiencies in the case of the small spacings and very low efficiencies 
at the larger spacings. This illustrates the limitations of some of the 
existing formulas. The Converse-Labarre formula yielded efficiencies 
that were approximately equal to the measured efficiencies for the 
small pile groups at the small spacings but were progressively more 
conservative with the larger groups. This calculated efficiency became 
more conservative with an increase in length but became unsafe at some 
of the larger spacings (Table la). The wide range of differences 
between the measured efficiency and the calculated efficiency again 
illustrates the limitations of the existing empirical formulas. 
It was observed during testing that some of the smaller pile 
groups displayed very erratic settlement characteristics near the 
failure load, and often failure was quite sudden. This indicates that 
possibly one or more of the piles failed before the entire group had 
reached the failure load. The local failure of one or more piles 
transferred the loads to the other piles in the group, overloading the 
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remaining p i l e s and causing the en t i re group to f a i l . 
The settlements of the p i l e groups at f a i lu re was compared to the 
spacing, the number of p i l e s and the length (Fig. 16 ) . The r e su l t s 
shown by the settlement curves are very e r r a t i c but the general trends 
are v i s i b l e . The settlement at f a i lu re tends to decrease with an 
increase in the spacing«, The comparison of settlement a t f a i l u r e with 
the length indicates a s l ight increase in settlement with an increase 
in lengtho The settlements when compared with the number of p i l e s , 
show a very pronounced tendency to increase with an increase in the 
number of pi les . . In observing the load settlement curves i t was found 
that the bentonite was p rac t i ca l ly e l a s t i c , almost to f a i l u r e . 
At one point during the t e s t i n g an attempt was made to determine 
the res i s tance of the p i l e groups to pu l l ing . These r e s u l t s were 
unsatisfactory since several times the compressive fa i lu re load was 
required to pul l the p i l e s . This was probably due to the vaccuum 
created a t the p i l e po in t s . 
At the end of the t e s t i ng i t was considered desirable to discover 
if there was a va r i a t ion in shear strength with depth in the bentonite, 
An extension was made for the vane shear device and shear t e s t s were 
performed in each container of bentonite at three different depths 
(Table 2b). ..Ia one case the shear strength did not vary uttfi depth, 
but in two other cases there was a s l ight increase with depth. This 
increase could possibly be due to shear act ing along the vane shaft 




The following conclusions have been drawn as a result of these 
studies. These conclusions should be interpreted as pertaining to a 
saturated sensitive clay soil only. 
1. The end bearing of a pile or groups of piles is constant with depth 
(for long piles) and a progressive type shear failure takes place 
along the sides of the pile or pile group. 
2. Pile groups transfer their loads into the soil by one of three types 
of actions: a unit or box type action, an individual pile action 
and a combination of the two actions. 
3. In general the theoretical efficiency of any given pile group will 
decrease with an increase in spacing from the group action into the 
range of a combination action where it reaches a minimum. From this 
point the theoretical efficiency increases with an increase in 
spacing as the individual action becomes more dominant. 
k» The theoretical efficiency of a given group decreases with an 
increase in the length. 
5>. The theoretical efficiency of a given pile group increases with an 
increase in the number of piles. 
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6. The length of a pile or' group of piles expressed as a ratio of the 
length to the width has more significance in the analysis than the 
length expressed alone in some units. 
7. The assumption that the testing of a full scale pile (the same 
length as a group of piles) eliminates any effect due to length 
when using the bearing capacity of the single pile in the design 
of a pile group is erroneous. 
8. The settlement of a given pile group tends to decrease with an 
increase in the spacing, increase slightly with an increase in 
length, and to increase with an increase in the number of piles. 
9. The available efficiency formulas, while extremely conservative in 
most instances, will at times yield results that are unsafe. 
10. The theoretical critical spacing gives values in most instances 
that are too high. The critical spacing increases with an increase 
in the length. 
11. There is, at times, a local failure of one or more piles in a small 
pile group which by transferring the loads to the remaining piles 
may cause the group to fail, 
12. The theoretical bearing capacities of pile groups were found, in 
most instances, to be unsafe. The magnitude of the error depends 
on the other factors influencing the action of pile groups, 
CHAPTER VII 
RECOMMENDATIONS 
1. The most pressing need in determining a method for designing pile 
foundations is an accurate theory for determining the stress 
distribution around a pile or a group of piles. It is recommended 
that this be studied. 
2. Each of tlie factors affecting the bearing capacity of pile groups 
needs to be isolated and studied quantitatively. The main factors 
that should be studied are the spacing, the number of piles, the 
length, the shape and arrangement of the piles, and the distribution 
of the load to each individual pile in a group. 
3. An effort should be made to obtain a less sensitive soil for use in 
any future tests. A combination of bentonite and gelatin may prove 
to be satisfactors'-. 
I4. To obtain a more accurate determination of the shear strength it is 
suggested that the vane shear test be performed at several locations 
and depths to average any effect due to nonuniformity. 
5>. The cast pile caps used with the smaller spacings proved to be more 
satisfactory than the threaded wooden pile caps since they provided 
a more uniform spacing throughout the length of the piles. Plaster 
of Paris is suggested for use instead of Brimsto since the Brimsto 
tended to shrink and leave a very rough surface. 
6. Due to a slight reaction between the aluminium piles and the 
bentonite, it is suggested that if aluminium piles are used in any 
future work they be given a protective coating. 
A P P E N D I X 
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TJffiLE 1 
Summary of Test Results and Computed Data 
List of Symbols 
Pg • Measured load on a single p i l e 
Pg - Measured load on a s i n g l e p i l e 
P_ - Computed load per p i l e (individual action) 
P » Computed load on a single p i l e (Meyerhof analysis) 
¥ m Measured load per p i l e on p i l e groups 
o 
p" • Computed load per p i l e (group action) 
Code 
No. Piles ) 
Length ) expressed as (2-12-1,50) means 
Spacing ) 
Two p i l e group, 12 diameter length, and 
1.50 diameter spacing. 
a s s\J\ = J5 s Vo •s ss ro 
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Table 1 Continued 
Summary of Test Results and Computed Data 
Week Drum 
No. 











m (# ) 
P"cg 
(#) 
6 1 2-36-3.00 17.57 25.03 23.70 22.97 12.52 3^.9$ 
H H l i- 13.57 U8.01 23.70 22.97 12.00 30.60 
M 2 9- 15.57 l l l t . l t f 2l*.59 23.89 12 .71 26.71 
H 3 16- 18.57 207.83 27.27 26.65 12.99 25.53 
7 1 2-12-1.50 8.75 1U.50 7.99 8.22 7.25 8.65 
ft it U- 8.75 2U.00 7.99 8.22 6 .60 6.66 
M 2 9- 8.75 52.10 8.91 9.23 5.79 5 . 8 7 
it 3 16- 8.75 81.70 9.81* 10 .25 5.13 5.73 
6 1 2-2U-1.50 11.75 22.50 15.1*2 15.15 11 .25 16 .36 
n ti U- 11.75 39 .00 15.1*2 15.15 9.75 12.17 
II 2 9- 10.75 76.50 17.79 17.61* 8.50 10 .15 
i» 3 16- 11 ,p 126.70 18.87 19.55 7.92 9.62 
9 1 2 -36-1 .50 15.75 29.50 21*.57 23.87 ll*.75 26.01* 
it ii U- 15.75 51.00 2U.57 23.87 12.75 19.13 
? 2 9- 15.75 96.50 23.70 22.97 10.72 13 .60 
M 3 1 6 - 17.75 171.70 23.70 22.97 10.73 10 .91 
10 1 2-12-1 .75 7 .75 11.15 96\x 9.91 5.58 11 .21 
11 it U- 7 .75 23.33 9.$h 9.91 5.58 8.99 
H 2 9- 7 .75 50.07 7.36 7.53 ^56 $.^ 
Table la 
Summary of Test Results and Computed Data 
Noo P i l e s 
Length 
P /Pr s' I P !? s' m 
Spacing {%) {%) 
2-12-1.50 110 106 
ir 
9- 98 9$ 
16- 89 85 
2-2U-1.50 76 78 
h-
9- 60 61 
16- 62 60 
2-36-1.50 6U 65 
i 
u-9- 66 69 
16- 75 77 
2-12-1.75 81 78 
h-
9- 105 103 
2-21^-1.75 77 78 
U-
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Table l a Contiaued 
Summary of Test Results and Computed Data 
Jfo. P i l e s 
Length 
P > i P ft s ' m V*. V o g P "g^I Converse Labarre S i n g l e P i l e S i n g l e P i l e 
Spacing ft)" CO « ) « ) <W Eff. Set t lement Se t t l ement 
(fl ( i n . ) ( i n . ) 
2-36-1.75 72 75 90 57 61* 83 .015 .032 
li- 89 75 61* 68 .051* 
9- 72 75 81 90 58 56 .021 .070 
2-12-2.00 75 72 86 1*6 6k 85 .019 .020 
l*- 82 S9 61 71 .01*0 
9- 61* 62 95 69 61 61 .009 .069 
1 6 - 68 6$ 93 81 63 $6 .008 .130 
2-2U-2.00 50 51 99 36 50 85 .008 .037 
hr 98 50 k9 71 .036 
9- 52 52 91* 63 U9 61 .011 .06U 
16 - 72 73 79 87 $6 56 .018 .125 
2-36-2.00 fall \6 102 33 k$ 85 .106 .019 
Ur 91 1*2 ko 71 .033 
9r \6 1*6 90 ^ ko 61 .026 .069 
1 6 - 73 75 78 9k 56 $6 .Oil* .085 
8 
Table 1 Continued 
Summary of Test Results and Computed Data 
Week Drum 
No. 
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Table l a Continued 
Sunmary of Test Results and Computed Data 
No. P i l e s 
Length 
P s ^ I P J? s7 m v*. r eg V*i Converse Labarre Single P i l e 
M ^ V ^ ^ P m M I ^ H ^ ^ 
Single 
P i l e 
Spacing m (%) (%) <« « ) Eff. « ) 
Settlement 
( in . ) 
Settlement 
( in . ) 
16-12-2.50 91 9U 85 82 82 6U .022 .O44 
16-2U-2.50 74 75 86 77 63 64 .017 .055 
16-36-2.50 19 81 81* 86 66 6h .013 .070 
2-12-3.00 85 82 93 50 79 90 .012 .015 
4- 83 ii7 70 80 .032 
9- 103 100 74 56 77 73 .022 .0U5 
16- 91 93 83 69 81 69 .016 .0U5 
2-2U-3.00 70 71 9$ y 66 90 .011 .019 
4- 86 16 60 80 .020 
9- 19 80 73 50 58 73 .011; .055 
16- 82 82 61 U9 50 69 .Ola .055 
2-36-3.00 57 $9 92 35 52 90 .015 .014 
4- 88 39 51 80 .025 
9- 63 (6 82 I48 52 73 .018 .044 




Bearing Capacity Comparison with the Meyerhof Analysis 
P P P JP 
g mg g / : 
m (#) «) 
4-12-1.50 24.00 16.93 142 
9-12-1.50 52.10 46.41 112 
16-12-1.50 81.70 91.18 90 
4-24-1.50 39.00 30.16 129 
9-24-1.50 76.50 78.97 97 
16-24-1.50 126.70 115.71 87 
4-36-1.50 51.00 46.94 109 
?-36-1.50 96.50 98.11 98 
16-36-1.50 171.70 158.77 108 
4-12-1.75 23.33 24.73 94 
9-12-1.75 50.07 46.82 107 
4-24-1.75 40.33 38.92 104 
9-24-1.75 90.01 75.20 120 
4-36-1.75 ^633 49.20 114 
9-36-1.75 115.05 108.11 106 
Table 2b 
Depth vs Shear Strength (psi) 
Drum Depth 
N o ' 2" 8" 14" 
I 0.704 0.704 0.704 
I I 0.704 0.735 0.796 
I I I 0.704 0.742 0.789 




Results of the Vane Shear Test 
Shear Strength (psi) 
^ek 1st 2nd 3rd Uth 5th 6th 7th 8th 9th 10th 11th 12th 
Drum I 0.856 0.856 0.826 0.826 0.796 0.765 0.735 0.735 0.795 0.887 0.796 0.700 
Drum I I 0.856 0.856 0.867 0,796 0.826 0.796 0.825 0.856 0.765 0.673 O.67U 0.70U 
Drum H I 0.856 0.796 0.735 0.918 0.918 0.888 0.916 0.9U9 0.795 0.735 0.827 0.856 
Table 3b 
Size of the P i l e Groups 
Outside Dimensions of the P i l e Groups (inches) 
Spacing (diameters) 1.50 1.75 2.00 3.00 





1.25 x o.5o 
1.25 x 1.25 
2.00 x 2.00 
2.7a x 2.75 
1.38 x 0.50 
1.38 x 1.38 
2.25 x 2.25 
U.25 x U.25 * 
1.50 x 0.50 
1.50 x I .50 
2.50 x 2.50 
3.50 x 3.50 
2.00 x 0.50 
2.00 x 2.00 
3.50 x 3.50 
5.00 x 5.00 





Typical Data Sheet 
Sing ;le P i l e 9 P i l e Group Vane Shear 
Load Se t t l ement Load Se t t l emen t Load Ro ta t i on 
9) ( i n . ) 6?) ( i n . ) (gm) (degree) 
033 * .000 2.27 * .000 0 0 
2.33 .002 12.27 .002 500 1 
k.33 .oou 22.27 .001; 700 1 1/2 
5.33 .005 32.27 .010 900 2 
6.33 .006 1|2.27 .GOii 1100 3 
7.33 .007 52.27 .019 1200 3 1/2 
8.33 .008 57.27 .022 1300 h 
9.33 .010 62.27 .027 1350 F a i l e d 
10.33 .011 67.27 .029 
11.33 .012 72.27 .031; 
12.33 .011; 77.27 .039 
13.33 F a i l e d 82.27 
87.27 
.055 
F a i l e d 
* Initial load is equal to the weight of the pile cap plus 





















Fig . 1 . The Average Ratio of Measured 
Load per P i l e to the Calculated 
Load per P i l e Compared to the 
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- a -
An Example of a Unit Action Fai lure, 
Vane Shear Device 
Fig . 1*. 
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